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ABSTRACT 


Commercislly pure molybdenum, specimens were irrsdisated in the 
MIR for an estimsted exposure of 1.9 to 5.9 x 102° thermsl nvt. 
Prior to irradiation, the material was ductile in the tension test, 
whereas efter irradistion it was brittle. The results of tension 
tests conducted st various temperstures revealed thst the transition 
tempereture for this material had been increased for -30°C to +70°C 
es s result of the radistion exposure. From metallographic studies 
it is concluded thst the embrittlement is due to submicroscopic 
chenges which rsise the flow curve of the material. The results 
presented show thst commercially pure molybdenum is an unsafe 
materisl for low-temperature (below 100°C) use in losd-carrying 
reactor components. 
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EMBRITTLEMENT OF MOLYBDENUM BY NEUTRON RADIATION 


C. A. Bruch, W. E. McHugh, R. W. Hockenbury 


INTRODUCTION 


A brittle metal can be used successfully ss s load-carrying structursl 
member provided thst the designer can take into account sll of the service 
conditions; however, if service conditions sre more severe than snticipsted, 
the pert mesy frecture. It is mich safer to use ductile metals, becsuse under 
unususlly severe conditions these metals will usually deform without fracture 
and the stresses will thereby be° redistributed. 


Probably the most dangerous types of structural metals sare those that 
either behsve in s ductile fashion under some conditions of losding sand sare 
brittle under other conditions or those thst during the service life undergo 
metallurgicsl changes which render them brittle. This report is concerned 
with molybdenum, s metsl which ordinarily falis into the first category and 
which slso falls into the latter category when subjected to neutron radistion. 


Molybdenum is prepsred commercislly by either powder metsllurgy techniques 
or by vacuum arc-melting snd casting techniques. Bechtold~ hss shown recently 
thet it is possible to fabricate ingots of the ssme approximate chemical 
composition, manufsectured by either process, into wrought products that have 
approximstely identicsl tensile properties. He showed thst both wrought 
msterisls exhibit s transition tempersture* very close to room temperature in 
the tension test. The transition tempersture for the src-cast meterial wes 
about 10°C higher then thet for the sintered powder msaterisl. He also 
demonstrated that variations in grain size markedly affect the transition 
tempersture. Some of his data sre reproduced in Figure 1, which shows the 
effect of tempersture and grain size on both the yield strength and per cent 
reduction in sres of molybdenum prepsred by powder metallurgy techniques. 
Although there are many criteria for determining the transition tempereture ,- 
for the present purpose it will be selected ss the inflection point in the 
curve drawn for per cent reduction in srea versus temperature. For all of 
these curves in Figure 1, the inflection point occurs at approximately 40% 
reduction in srea. It is shown quite clesrly in Figure 1] thst the materisl 
hes s transition temperature which incresses with increasing grain size, and 
is well above room tempersture for msterisl having 100 grains per square 
millimeter. 


Since the transition temperature in the notched bsr test is ete eon 
higher than that for simple tension tests for many other metals ,2? these 
results indicate that load-carrying structural members made from commercislly 
pure molybdenum sre normally subject to brittle fracture if operated nesr room 
temperature. 


*A discussion of the transition temperature phenomenon is given in the 
Appendix. 
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Other dnvestiestere °° have studied several commercisl steels and found 
that these were embrittled by neutron radiation. For these steels, the in- 
ecresses in transition temperature es determined by_notched bar impact tests 
range from 65 to 100°C after an exposure of 9 x 1019 estimated fast nvt. 


The results which follow demonstrate the fact that molybdenum of 
commercial purity is also embrittled by neutron radiation. 
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EXPERIMENTAL PROCEDURES 


A comprehensive experimentsl progrem is under way et KAPL to determine 
the effect of neutron irrsdiation on the mechsnical properties of metals. 
The results being reported here represent only a small but significant part 
of the program, the object of which was to determine the effect of sa short 
exposure in the MIR on the mechanical properties of molybdenum. All messure- 
ments were msde before and sfter irrsadistion. 


A. Material 


The molybdenum used in this investigstion was obtained from the Climax 
Molybdenum Company. The two heats from which the material originated were 
melted under a vacuum of 5 to 30 microns and cast in 7-inch-diameter, water- 
cooled copper molds. One hest contained 0.061%, and the other 0.066% carbon. 
Both heats were subsequently hot-worked by extrusion sand rolling into 5/8-inch- 
diameter rods, after which they were snnesled and straightened. 


The msterial was subsequently heated to 1100°C in e hydrogen atomosphere 
and sweged tol/2-inch-dismeter rod at the Research Lsboratory of the General 
Electric Company. The resulting materisl hed an average hardness of 264 V.P.N. 
or 99.2 Rockwell B, and hsd sn average of 5000 grains per squsre millimeter in 
the transverse sections. The grain structure in longitudinal sections veried. 
In some sections the grains were equisxed and in others, elongated. Since 
annealing experiments showed that recrystallization did not occur even after 
24 hours st 1200°C, and since the hardness numbers for both types of sections 
were essentially the same, it has been concluded thst both types recrystallized 
in the swaging process. 


B. Test Specimens 


Substenderd-size tensile specimens were prepsred according to the speci- 
fications shown in Figure K-6A4647. These specimens were slso used for hserd- 
ness tests. 


Metallogreaphic specimens were polished, etched, end photographed at a 
magnification of 1OOOX prior to irrsdiation. The field studied wes identified 
by means of s Knoop hsrdness indentation. 


In addition to the specimens described, X-ray diffraction specimens and 
fiux and tempersture monitors were prepsred. These have been described in 
detail elsewhere. 


C. Irradiation 


Tweive tensile specimens, six metallographic specimens, snd the additional 
X-ray diffraction specimens snd monitors were enclosed in two sluminum capsules, 
each approximately 24 inches long. These were irradiated in active lattice 
position L-41 of the MTR and received an exposure of 663 megawatt-deys. The 
loading schemes for the two slugs sre shown in Figure 2, which also shows the 
approximste location of the horizontsl center plane of the reactor and the 
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integrated thermal flux sbout the center plene as calculated using the data of 
Bright and Schroeder. As shown in this figure, the range of exposure varied 
from 1.9 to 5.9 x 1020 thermal nvt. 


The integrated fast flux (neutrons with energy sbove 1 Mev) is not known 
at this time, but is estimated to be of the same order of magnitude as the 
thermsl flux for this reactor position. It is planned that, st some later 
time, a more precise vaiue for the integrated fast flux will be obtained from 
the flux monitor date. 


D. Testing Equipment 


Only s brief description of the equipment will be given, since most of it 
hes been described elsewhere.? 


A Rockwell hardness tester modified for remote operation was used for 
hardness testing. ! A special remotely operable metallograph was used for the 
metellographic examinations. 


Tensile testing was done using two mschines. One was a standard hydraulic 
machine. Since this testing machine was used for tests of specimens immersed 
in liquid baths, no strain gauges were used. 


All room-temperature tensile tests were done using a remotely operable 
horizontal testing machine and a remotely operable extensometer built at 
KAPL.! This tensile mschine hes three losd ranges: 1000, 4000, snd 10,000 pounds. 
The extensometer has two sctive linear differential transformers. The signel 
from one activates sa recorder which magnifies the extension of the gsuge length 
of the specimen (spproximately 0.75 inch) ten times; the signal from the other 
activates s recorder which magnifies the extension either 100 or 1000 times. 
Since the recorders were of the losd-elongation type, two losd-extension dis- 
grams were recorded sutographically and simultsneously. 


Testing at other than room tempersture was done by immersing the specimen 
in s liquid bath during the test. Acetone cooled by dry ice was used for low 
temperatures, and water heated by immersion heaters was used for the higher 
temperstures. 


All tensile test values such as yield strength, per cent reduction in 
ares, end so forth, were obtsined by conventionsl methods. 
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Experimental Results 
A. Temperature Monitors 


An examination of the various metals and alloys contained in the temper- 
ature monitors showed that the temperature of the specimens during the 
irredistion probably exceeded 70°C but did not exceed 95°C. 


B. Metsllogrsphic Exsminetion 


In Photograph 1132962 sre photomicrographs originally magnified 1000X of 
the same field for the following conditions: A, etched, prior to irradiation; 
B, same as A after irradiation; C, same es B except etched 30 seconds; D, same 
as C, except etched an additional 60 seconds. The etchant consisted of one 
pert of 10% NeOH in weter, and one part of 10% K3Fe (CN) ¢ in water. 


Neither the photomicrographs nor the microscopic examination revesled 
any visible change in the microstructure as s result of the irradiation. 


C. Hserdness Testing 
The results of the Rockwell C hardness tests taken on the flat ends of 


the tensile specimens sre summsrized in Table I. This table also gives Brinell 
herdness numbers, as converted from the Rockwell hardness measurements. 


TABLE I 
Rockwell C* Rockwell A* 
Msterial Avg Min, Brinell Avg Min, Brinell 
Condition Value Max Number Value Mex Number 
Unirradisted 23.0 19.7/24.9 ake 62.0 59.9/63.0 243 
Irradiated 28.5 Bh 2/Si.7 275 64.9 62.8/66.5 280 
Change 45.5  +3.0/+7.7 +33 42.9 +0.5/+4.4 +37 


*Bach number in the teble represents the average of test results for 
twelve specimens. At least three Rockwell hardness measurements of each kind 
were msde per specimen. 


As a result of the irradiation, the molybdenum hardened by approximately 
35 Brinell numbers. No correlation wes found between the hardness incresse 
and the position of the specimen with respect to the reactor horizontal center 
plane. In other words, the smount of hardening was independent of the inte- 
grated thermsl neutron flux in the range studied. 
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D. Tensile Testing 


Twelve specimens were tested at various temperstures. Five specimens were 
unirreadisted, five were irradisted, and two were unirrsdisted but "sged" for 
30 dsys at 90°C, to simmlste the thermal history of the irradisted specimens. 
Complete losd-elongation curves were obtsined for the tests which were conducted 
at room temperature, whereas only s limited smount of dats wes obtained for 
eech of the other six specimens tested in liquid baths. 


In Figure 3 sre losd-elongation curves for two irrsdisted and two un- 
irredisted specimens which were tested st room temperature. These curves show 
thet, prior to irradiation, the msterial had e sharp yield point snd consider- 
able ductility as messured by elongation. After irradiation, the msterisl was 
completely brittle, snd each specimen fractured in two places. Multiple 
fracture of brittle materials has also been observed elsewhere .? 


In Figure 4 sre losd-elongation curves for the two specimens which were 
"aged" st 90°C for 30 days; for comparison, the curves for the two unirradisted 
specimens are also included. It can be seen that the 90°C heating had very 
little effect, if any, on the tensile properties of the material. The results 
indicate thst the "aging" may have slightly reduced the tensile strength and 
elongstion, but these differences sre not considered significant. 


The date obtained from ali of the tensile tests have been summsrized in 
Table II. The following results sppesring in this teble sre considered signifi- 
cent: 


1. The unirradiated material was ductile in tests conducted at room 
temperature and st -20°C as evidenced by the relatively high values of per cent 
reduction in area snd elongation, whereas at -4O and -60°C the material was 
completely brittle. 


2. The unirradisted msterisl "aged" at 90°C hed essentially the ssme 
properties at room tempersture as the unsged specimens. 


3. The irradiated material was completely brittle in tests conducted at 
room temperature and st +60°C. At +80 and +100°C the irrsdisted materisl was 
ductile. 


In Figure 5 are graphs of per cent reduction in sres versus temperature 
for both the unirradiated snd irradisted specimens. For comparison the dsta 
reported by Bechtold+ sre also reproduced here. The transition temperatures, 
as stated previously, sre located st 40% reduction in sresa. Irradiation has 
chenged the transition temperature from approximately -30°C to approximately 
+70°C, an increase of spproximately 100°C. The transition temperature for the 
irradisted material is the ssme as for unirredisted material having epproxi- 
metely 200 grains per squsre millimeter. 
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PHOTOMICROGRAPHS AT ORIGINAL 
MAGNIFICATIONS OF 1000X OF THE 
SAME FIELD FOR THE FOLLOWING CONDITIONS: 


A. Molybdenum Etched, prior to Irradiation 

B. Same as A after Irradiation 

C. Same as B, except Etched 30 Seconds 

D, Same as C, except Etched an Additional 60 Seconds 


Etchant: One part of 10% NaOH in water, and one 
part of 10% K3Fe(CN)e in water. 
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THE EFFECT OF TEMPERATURE, GRAIN SIZE, AND NEUTRON 
RAD TATION ON THE PER CENT REDUCTION IN AREA OF 
MOLYBDENIM TENSILE SPEC IMENS 
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Spec 


Desig 


M-12 


M-49 


M-4b 
M-58 
M-36 


M-35 


M-51 


M-3 


M-82 


M-21 
M-37 
M-64 


Condition 


Unirrad 


Unirrad 


Unirrad 
Unirrad 


Unirrsd 


"Aged" ** 


Irrad 


Irrad 


Irrad 
Irrad 


iIrrad 


Integrated 
Therms1 


Neutron Flux 


5.1 x 102° 


5.1 x 1020 


5.85 x 10¢0 
5.85 x 102° 


5.8 x 10°° 


“Maximum losd divided by originel srea. 
**Unirradisted specimen heated for 30 days st 90°C. 


Test 
Temp, °C 


+22 


+22 


-20 
-hO 


-60 


+2) .6 
+2h .6 


+21.8 


+22 4 


+60 
+80.5 


+100 


a Q 


TABLE II 


Upper 
Yield 
Point, 


psix 103 


102.5 


93.8 


125.5 


143.5 


111.5 


Tensile* 
Strength, 
psi x10 


100.8 


98 .8 


120.0 
123.0 


142.0 


97-7 
oe) 


151.7 
109.7 


148.5 
143.5 


111.5 


Fracture 
Stress 
psi x10 


BIN 0 


193.0 


243.0 
123.0 


142.0 


182 .6 
181.6 


149.0 
109.7 


148.5 
185.0 
134.0 


Per Cent 
Elongation 


45.7 
7 


32.8 


14.7 


Per Cent 
Reduction 
in Area 


TO 
65.0 


SE 


36 : ay 


i 
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DISCUSS TON 


The commercially pure molybdenum used in this investigation wes sa normal 
materisi and comparabie to that used by other investigators. For exemple, in 
Figure 6 sre graphs of both the yield strength at room temperature snd the 
trensition tempereture versus the reciprocal of the averege grain diameter, 
using deta reported by Bechtold+ and those date obteined in this investigation. 
Curves have been drewn through the points and the sgreement is gocd. The 
material used in this investigation behaves in the manner which would be pre- 
dicted from the data of Bechtold. 


The irrsdistion herdening was moderate, snd ss such, did not indicste 
the significant changes which had occurred in the room temperature tensile 
properties. Taborl° has shown thet there is e direct correlstion between in- 
dentstion hsrdness and yield stress; hence, sn increase in hardness implies 
sn increase in yield stress, a shift in the flow curve, snd s possible shift 
in the transition tempersture. However, in order to determine the effect of 
some verisble on the transition temperature, it is necesssry to use a destructive 
test such as the tension or notched-bsr impact. 


The results cf the tensile tests show clearly that irrsdistion hss further 
embrittled molybdenum in that the transition temperature increased from spproxi- 
mstely -30°C to +70°C. It has slready been pointed out that this corresponds 
to a transition temperature for unirradiated molybdenum having spproximstely 
200 grains per square miliimeter. Since the meterisl hed approximately 5000 
grains per squsre millimeter prior to radiation, and since metallographic 
exeminstions have shown that there were no microscopicslly visible chenges in 
the structure, it must be concluded that the rsdistion emorittiement was caused 
by submicroscopic chsenges. 


The gross effect of irradiation has been to change the relative position 
of the flow curve with respect to the frecture curve, implying thet the rstio 
of the criticsl resolved stress for slip to thet for cleavage hes been incressed. 
To illustrate this point, in Figure 7 sre plotted yield stresses end frecture 
stresses versus tempereture for irradiated moiybdenum es well as unirradiated 
materisl hsving various grain sizes. Some of the deste were obtsined from 
Bechtold's resuits.+ ‘Two curves have teen drawn for esch condition cf the 
metal, and these have teen sepsrsted by s vertical line which represents the 
highest temperature st which the reduction in ares of the test specimen was 
zero. The curve to the right of the vertical line is the yield stress or flow 
curve, that to the left is the fracture curve. The best sverage flow curves 
consistent with the limited amount of desta were drawn through the yield-stress 
points. Average fracture curves were drawn through the fracture-stress 
points, and these were drewn horizontally because cf the very Limited emount 
of date. Ali points agree fairly well with the curves as drawn except the one 
for the irradiated specimen wnich had s fracture stress of 169,700 pounds per 
squere inch st room tempersture. This specimen showed s nonlinear behsvior in 
the early part of the test. The resson for the behavior is not understood, ‘ 
although it msy heve been due to specimen misslignment or structursl imper- 
fections in the specimen. The data presented in Figure 7 show thst both the 
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flow and fracture curves for unirradiated molybdenum sre raised with increasing 
grain size, and thet the effect is quite pronounced. They also show that the 
flow curve is appreciably raised by irrsdistion, and the indication is thet 

the fracture curve is also raised, but to a lesser degree. 


The mechenism by which irradiation causes a shift in these curves is not 
fully understood st this time. It is generally agreed that there are three 
types of defects produced in the metal lattice by neutron bombardment: lattice 
vacancies, interstitisl stoms, and foreign atoms created by transmtetion. 

The letter two types of lattice defects sre known to impede the slip process. 
The effect of vacancies is not well understood, slthough it is believed that 
their effect on slip is smsll. At this time, the most that can be said with 
certainty is that the effect of irradiation hss been to produce lattice de- 
fects which impede slip, or in other words, which incresse the critical 
resolved stress required for slip. 


On the basis of experimental results obtained with other metels, 294 the 
trensition temperature for irrsdiated molybdenum in the notched-bar tést is 
probably well above +70°C. Furthermore, since service parts usually contain 
notches, the transition temperature for these parts would probably slso be 
well above +70°C. 


It hss been shown for other msterials that the irradiation hardening and 
increase in yield strength is less for specimens irradiated st higher temper- 
atures.t4,12 This effect is assumed to arise because the lattice vacancies 
and interstitial atoms produced by the neutron irradistion diffuse out of the 
lattice st s higher rate because of increased atomic mobility at the higher 
temperature. Consequently, it should be possible to irradiate sa given metsl 
at a temperature sat which the snnesling rate equals the defect production 
rate, end there is no radistion herdening. For molybdenum this should mean 
that the radistion embrittlement decreases as the temperature of the material 
during the irradistion is increased. Some results reported for molybdenuml3 
indicste thet the temperature at which there would be no embrittlement will 
probably be quite high. These results showed thet molybdenum, which was 
irredistea et 400°C for an estimsted 3 x 1029 thermal nvt, increased in hard- 
ness by spproximately 47 Brinell numbers. This herdness increase was somewhat 
greater than thst for the msterisl reported here. The reason is not fully 
understood at this time, but it is believed to be due to the fsct thst the 
materisl was of lower originsl hsrdness. It has been generally observed 
thet, for a given metal, the lower the originsl hardness, the greater will 
be the radistion hardening. Becsuse of the rough correlations between 
herdness, yield strength, and transition temperature, these results indicate 
that the rate of defect production in molybdenum at 400°C exceeds the anneal- 
ing rate end that the material is embrittled even st this temperature. 


The effect of operating molybdenum reactor parts st a high tempersture 
should be beneficial in two ways: first, the rate and amount of rediation 
embrittlement should be reduced; second, the part should be well above the 
transition temperature end not subject to brittle fracture. Hence, while the 
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part is operating at the high temperature, the danger of brittle fracture 
should be smsll; however, if the temperature is lowered considerably, as 
during s shutdown, the danger will once again be present. 


In conclusion, the results clearly show thst commercislly pure 
molybdenum is an unsefe msteriel for low-temperature (below 100°C) use in 
losd-carrying reactor components, in that it is subject to brittle fracture. 
The results also indicste thst it may be possible to use this msterisl in 


reactors provided thst it is continuously opersted st a relatively high 
tempersture. 
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APPENDIX 


THE TRANSITION TEMPERATURE OF METALS 


Behavior of Metal Single Crystals under Losal* 


A normal metel is san aggregate of many grains or crystels. Therefore, 
a study of the behavior of single metal crystals under losd is helpful in 
understanding the behavior of s normal polycrystalline metsl under lcosd. 


When s metsl single crystal is stressed monotonously in tension it 
distorts elastically at first, after which one of the following three events 
occurs: 


1. The crystel deforms plastically by a slip mechsnism; 
2. The crystsl deforms plasticelly by s twinning mechanism; 
3. The crystal fractures suddenly by s cleavage mechanism. 


It is found thet, if slip or twinning occurs, it is necesssry to increase 
the stress on the crystal in order to cause further plastic deformstion. 
Crystals seldom deform by twinning slone. Usually the twinning process deforms 
the crystal in such s way es to make it possible for the crystal to slip easier. 
Eventuslly the crystal will be deformed to such an extent that it can no longer 
slip or twin, and it fractures by either s shear or cleavage process. Such a 
erystal is considered ductile. 


On the other hand, s crystal which fractures by cleavage immediately 
following some elastic deformation is considered brittle. Crystals which 
show only e very small smount of plastic deformstion prior to fracture are 
aiso considered brittle. 


The large majority of metals fall into three crystallographic systems; 
namely, face-centered cubic, body-centered cubic, snd hexagonal close-packed. 
In each of these systems there sre specific planes of atoms and specific 
directions on which slip, twinning, or clesvage can occur. These are called 
slip systems, twinning systems, and cleavage systems, respectively. The 
experimental evidence indicstes that, with each of the three mechanisms, there 
is associated a critical resolved stress. That is, if the applied stress is 
resolved into components scting normsl and tangent to each slip, twinning, and 
cleavage system, each process occurs when a constant or critical resolved 
stress is reached. Hence, when e given crystal is loaded, the resolved 
stresses on the various stomic planes increase until one of the three critical 
stresses is reached, at which time the crystal either deforms plastically or 
fractures. It is slso found thst when slip does occur, the slip systems rotate 
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to s more favorable position for further slip. In both body-centered cubic and 
hexegonsl close-packed crystals, sll three processes of deformation hsve been 
observed; however, in face-centered cubic crystals only the slip process hes 
been observed. 


There sre undoubtedly many factors thst have some influence on the criti- 
cal resolved stresses required for slip, twinning, and cleavage. Little is 
known concerning factors influencing the latter two; however, it is known that 
the following factors reise the critical resolved stress required for slip: 


1. <A decrease in testing tempersture 

2. An incresse in the rate of losd application 

3. An increase in the amount of plastic deformation prior to the test 
4. An increase in alloy content 


By making use of the knowledge of factors influencing the critical stress for 
slip, it is possible to change the behavior of single crystals under load from 
ductile to brittle. For exemple, if a hexsgonsl crystal with suitable crystal- 
logrephic orientation with respect to the losd axis is stressed in tension st 
room temperature, the critical stress for slip will be resched first and the 
erystel will deform plastically by both slip snd twinning. The load-elongsation 
curve will be similser to that shown in Figure 8. If an identicsl crystel, 
heving the same orientation sas the first, is stressed in tension at s lower 
temperature, the critical resolved stress required for slip will be raised 
above -thet required for cleavage and the crystal will fracture by cleavage. 

The stress-strain curve will be ss shown in Figure 9. Since the sres under 

the stress-strain curve is a measure of the energy required to fracture the 
erystal, it can be seen that relatively little energy is required to fracture 
the crystal when it does not undergo slip or twinning. If enough identical 
crystels sre tested st various temperatures, a graph of the energy required 

to fracture the crystal versus temperature can be drawn, and it will be 

similer to thet shown in Figure 10. 


It can be seen from this figure thst there is s criticsl temperature, 
called the transition temperature, below which the crystal is brittle for the 
particulsr test conditions, snd sbove which it is ductile. The transition 
temperature is not chsracteristic of the msterisl; rather, it is chsracter- 
istic of the test conditions. This transition from plastic to brittle behavior 
hss been observed for some hexsgonsl close-pscked, body-centered cubic, and 
rhombohedral crystsis, but not for any face-centered cubic crystals. 


Behavior of Polycrystalline Metal Aggregates under Load 


At present, only the qualitative results from single crystal experiments 
can be applied to the behavior of polycrystalline metal aggregates. The 
primsry reason for this can be attributed to the presence of grain boundsries, 
which sre in essence the meeting places of the various grains or crystals. 
Another possible resson is the presence of phases other than the one of major 
interest, but this will not be considered here. 
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The presence of neighboring grains snd the sssocisated grain boundsries 
sct as sa restraint to the deformation of a given grain, and for this reason 
introduce esnother important fector which influences the critical stress re- 
quired for slip snd which may slso influence the critical stresses required 
for twinning and cleavage. The restraining influence of grain boundaries 
wes shown by Chalmersl? who experimented with tin bi-crystals. His results 
showed thet the presence of grain boundsries rsised the criticsl stress re- 
quired for slip in an smount dependent upon the relative orientstions of the 
two crystals. The criticsl stress was s minimum when the crystsls hed nearly 
the same orientation, and was s maximum when the crystsel orientations differed 
the most, but in sll csses was higher than thst for s single crystal. 


When polycrystslline metals sre stressed, esch individual grain is also 
stressed. Since there sre s miltitude of grains randomly oriented, the re- 
solved slip, twinning, and cleavage stresses very from grain to grain. When- 
ever one of the critical resolved stresses is reached in some grain, it 
behaves sccordingly. If the first criticel resolved stress to be reached is 
that for slip or twinning, the grain deforms plsstically, the slip systems 
rotate into more favorable position with respect to the applied losd, send the 
critical stress for slip or twinning is raised in this grain ss e resuit of 
strain herdening. This grain will continue to deform plastically until a 
critical resolved stress is resched in some other grein which then deforms. 

If the first criticel stress to be exceeded in some grain is that for cleavage, 
the grain frectures. As a result, the stress on the other grains is increased 
and these behave sccording to which critical resolved stress is reached first. 


If the large msjority of the grains in the polycrystalline metsal slip or 
twin, the metal can be deformed plastically before fracture sand the metal is 
considered ductile. If, however, the majority of grains fracture by cleavage 
with little or no slip or twinning, the msterial is considered brittle. Hence, 
the quslitative performance of the polycrystalline metsl reflects the perform- 
ance of the single crystel. 


All common fsce-centered cubic metals show considerable ductility under 
all conditions of testing. However, msny metsls of the hexsgonel close-packed 
or body-centered cubic systems msy be either ductile or brittle, depending on 
the test conditions. If metsls from the latter two systems ere tested in 
tension with temperature as the only variable, it is found, ss in the case of 
single crystals, that there is s transition temperature below which the metal 
is brittle snd above which it is ductile. As in the case of single crystals, 
the transition temperature for se particulsr metel is characteristic of the 
test conditions and not of the metal. 

There sre msny factors that influence the value of the transition temper- 
ature, and these will be discussed using concepts advanced by adn ig 2° 
Figure 11 is s schemetic disgrem of the variation in both the flow stress (or 
yield stress) and the frecture stress of s given metal with temperature. The 
yield or flow stress is analagous to the critical resolved stress for slip or 
twinning in single crystals. It is usually defined ss the stress necessary 
to produce s fixed, measurable smount of plastic strain in a test specimen. 
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The yield stress in sa polycrystalline metsl, therefcre, is reached after the 
critical stresses have been exceeded and slip or twinning hes occurred in 
meny individual grains. The fracture curve is snalagous to the fracture 
stress for single crystals. It is the stress st which the specimen fractures, 
and as such it is the stress sat which sll cf the individusl crystals fracture. 


At this time, it is possible to obtain experimentslly only parts of the 
curves illustrated in Figure il, and these sre indicated on the diagram by 
the broken lines. For this reason the curves sare schemstic. According to 
this disgrem, if a metal is tested st s temperature atove the intersection 
of the two curves, the flow curve is first reached and the metal deforms 
plasticslly. The stress necessary to produce further plastic deformation 
increases because of strain hardening and eventually the material fractures 
because the stress required for fracture is less than that required for flow. 
On the other hsend, if the metsl is tested at a temperature below the inter- 
section of the curves, the fracture stress is reached first end the metal 
immediately fractures in s brittie fashion. The intersection of the flow and 
fracture curves, therefcre, is the transition temperature for this particular 
set of testing conditions. 


If, by some means, the reistive position of the flow curve is altered with 
respect to the fracture curve for s given metal, there will resuit a change in 
the trensition tempersture. Although it is not possible st this time to 
determine completely either the flow or fracture curves, and to evaluate fully 
the effect of many test variables on them as well as the transition temperatures, 
the evidence svailabie indicates that the fracture stress curve is relstively 
stable es compared to the flow stress curve. Experiments heave shown that there 
are many veriables which do shift the flow curve as well as the transition 
temperature. The most important of these, which raise the transition temper- 
ature, sre ss follows: 


1. Incressing stress triaxislity 

2. Increasing the rate of iosding 

3. Increasing the amount of pre-strain 
4, Strein eging 

5. Increasing the grain size. 


The first factor is considered the most important to this discussion, since it 
is a condition which exists in stressed members if there are any notches, 
nicks, holes, angles, etc., either sccidentsi or intended. It hss been shown"! 
for high-purity iron thst the transition temperature in tension is spproxi- 
mately -170°C, whereas it is 15°C in s notched bear impact test in which a 
trisxisl stress system exists. The notch effect is quite pronounced and is 
considered one of the causes of the serious failures of welded ships that 
occurred during Worid Wer II. An enelysis of these failures has shown that 
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all of the failures in these ships originated at some type of notch. It hes 
also been shown that the transition temperature in a notched-bsr impact test 
was higher in the material in which crecks originated, than in the material 
where the cracks terminsted. 


Hence, it must be concluded that metals which exhibit both brittle and 
ductile behsvior, depending on the test conditions, must be employed with 
caution, since msny factors influence the performance of these metals during 
service. 
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